
?E===yi.i.-:’- +-”.-.::.-......... .----.,--=-.

‘-ADVISORY.-.=. FORAERONAUTICS‘--”
—-------

TECHNICAL NOTE

NO.1546 “

AERODYNAMICCHARACTE~TICS OF 24NACA 16-SERIES

AT MACHNUMBERSBETWEEN0.3 AND 0.8

—

...

AIRFOIIS

ByW. F. Lindsey,D. B. Stevenson,andBernardN. Daley

Langley AeronauticalLaboratory
Langley Field, Va.

.

w!!li=
Washington

September1948

,-. —

FORREFERENCE

— .

.. ...

. .. ..- ,:
.

1“
*

M

?UX TO BETAf(EN ~~fii THIS FMXN -



NATIONALADVISORYCOMMPFI!EEFORAERONAUTICS

0.
.

AERODYNAMICCHARACTERISTICSOF 24NMA l~lZR~ AIRFOILS

.

J4TMACHmms BE-N 0.3 m 0.8

ByW. F. Lindsey,l).B. Stevenson,andBernardN. Daley
,

.—
—

SUMMARY

An investigationhasbeenconductedtodeterminetheaerodynamic
characteristicsof a groupofNACA16+eriesairfol1srelatedin camber
andthicknessovera Machnumberrangefrom0.3to approximately--O.8.
Theresultsobtainedfromthepresentinvestigationwerecombinedvlth
thedataof 12NACA16--oerlesairfoilsobtainedunierthesamecon-
ditionsendpreviouslyreportedinNACARep.No.763. Allthe
current~availableforce-testdataforNACA16-eeriesairfoils
obtainedunderthesarMtestconditionsin theLangley24-inchhigh-
speedtunnelarepresented. —

INTRODUCTION

TheNACA16-seriesairfoilswerederived(reference1)foruse
at highspeeds,particularlyforpropellerapplications.Thevariations
indesigncamberendthiclmessratio,coveredinreference1,werenot ‘-- —
of sufficientscopeto=et alltherequiremmtsofpropellerdesign.
A testprogramwasformulated,therefore,wherebytheaerodynamic
characteristicswouldbe obtainedforsomeof theairfoilsof
reference1 overene~endedangularrange,aswellas for12addi-
tionalairfoilsof the#em series.Theresultsof thisinvestigation
combinedwiththedataofreference1 arepresentedhereinuncorrected
fortunnel-wallconstrictioneffects.Themagnitudeoftheconstriction
effectonMachnumberat
of thsuncorrectedvalue
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angleof attack,degrees

sectionliftcoefficient

approximately2 percent .-
validltyof theconclusions.
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designsectionliftcoefficient(Incompressiblepotentialflow)
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8ectionMft-coefficientat M = O ( experimentalvalues
wereobtainedby ex@applathgfrom M = 0.3to M = O
byGlauert~smethod)

sectiondragcoefficient .

sectionpitching+ummmtcoefficientabut quarter-chord
axia

lifti-dragratlo

streamMachnumber

criticalMachnumber;Machnuniberatwhichspeedof sound
isattainedlocallya8on airfoil

maximumIncompressiblepressurecoefficient

.

8

thickness+hordratio,percent

airfoilstation,fractionsof chord

afrfoilordinate,fractionsof chord
camberline

APPARATWSANDTESTS

Forcemsasuremmtsof lift,drag,andpitching
intheLangley24-inohhigh-speedtunnel(described

mmfmrednormalto

on a seriesof airfoilshavingIVACA16-seriesprofiles.Thethiclmess-
chordratfosof theairfoilstestedrangedfrom6 to 30 percentandthe
designliftcoefficientsrangedfromO to1.0. Thespecificairfoils
forwhichforcenmasurementsweremadein thisinvestigationsregiven
in tableI andaredifferentiatedfromthoseairfoilsreportedin
reference1.

Themdelsweremadeof duraluminendhada chordof 5 inches.
Eachmdel spannedthe24-inchtestsectionandpassedthroughholes
cutinflexiblebrassendplatesthatpreservedthecontourof the
tunnelwalls.Theholaswerethesameshapeas,butslightlylarger
than, themdel. Theendsof themodelweresecuredina balanceof
thetypedescribedinreference3.

Thelift,drag,andpitching+mmentcoefficientsweremasuredat
anglesofattackcorres~ndlngat lowMachnu.mberstaa lift-coefficient
rangefromO toapproximately1.0. Thesedatawereobtainedfora Mach

momentweremade
In reference2)

&
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numberrangefrom0.3to approxlmhtelyO.8. Thecorrespond
Y

Reynolds
numberrangeextendedapproxima~lyfrom0.85x 106to2 x 10 . Drag
coefficientsforseveralof theairfoilswereobtainedby theweke-
SUrVey methcd. Thewake-surveymeasuremmtsweregeneral~llimited
toen angleof attackof 0°or thedesfgnangle. =

CriticalMachnunibersat lowanglesof attackwereestimatedby
meansof-smalltotal-pressuretubesmountedon theuppersurf~eof
theairfoils.Thetubesweregenerallylocatedat the75-percent+hord
stationand2 to 3 percentchordabovetheairfoi1 surface.TheMach
nmber atwhichthemeasuredtotalp~essuredecreased
0.02percentwastakenasen estimateof thecritical

NACA16+ERIISAIRFOIIS

approxi~tely
Machnuniber.

TheNACA16-serieeairfoilsaredesi~atedby a five-digit
number(exceptforthecaseinwhichthedesignliftcoefficientis
equaltoor mre then1.0). Thefirstdigitrepresentstheseries
classification.Theseconddigitindicatesatdesignconditionsthe
distanceintenthsof chordfromtheleadingedgeto thepositionof
minimumpressure.Thethirddigit,firstdigitfollowingthedash,
indicatestheammnt of camberexpressedintermsofdesiw lift –
coefficientin tenths.Thelasttwodigitstogetherexpressthe
thiclmessinpercentchord.. .

Thethiclmessdistributionof theNACA16-seriesairfoilswas
developed(reference1)toproducea shapehavingverylowInduced
velocitiesandthuehavinghighcriticalMachnumbers.Theordinates
forthebasicor symmetricalprofileof theNACA16+eriesairfoils
canbe obtainedfromthefollowingequations: --

(t 0.989665X1=1 = o.ol~ 1/2
)- 0.239250x1- 0.041000x12- 0.559400x13

[
52 = O.Ol~0.010000+ 2.325000@- ~) -3 .420000(1- +)2

—. —1

where y Is theordinatein fractionsof thechordmeasurednormal
to thecauiberlineend x is thestationinfractionsof thechord.
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Subscripts1 end2 pertaintotheregion
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maximumthicknesslocatlon,respectivelyfar
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of andbehindthe
example,x+ 0.5

Theleading+dgeradiusexpressedinpercentage

. L.E.radius= o.0048972($)2

of the chordis

-,

r

Theordinatesfora g-percent-thickairfoilarepresentedIn tableII.

ThecamberMne fortheNACA16-seriesairfoilswasderfved.
(reference1)tohaveessentiallya uniformchordwlseloading.This
csmberline,&esQnatedthe a = 1 meanlineinreference4, canbe
expressedinequationformas

——

1Y= =4*0795770q[x lo~x + (1 -x)logJ1 -x)

~

[
m-o.07g577cllo~x -

dx
loge(l-

i
.

where ye 16them9an-31neordinateinfractionsof
thestationinfractionsof thechord.

Theordinatesandslopesof theceniberMne for
airfoilsarepresentedintableII. Itmaybe noted

1x) #

d
ohordand x is ●

NAM 16-series
thattheslope

of theleadlng-edgeradiusasgivenIntableIIdiffersfromthatgiven
inthecorrespondingtableofreference1. S3ncetheslopeof the
leading+dgeradiusisdeterminedby theslopeof thec-her line,the
valuespecified.fortheleading+dgeradiusdependsuponthechordwise
stationx atwhichthecaniber-lineslopeisobtained.Theslope
specifiedinreference1 correspondedto theo-percen~hordstation
andfairingdifficultieswerelaterencounteredat thelesdingedge
ofhighlycamberedthickairfoils.Theslow specifiedin tableII
correspondsto theO,>percenHhordstation.Theleading+dgeredius
mustbe as specifiedbuttheslopeof theleading+dgeradiusdoesnot
appeartobe rigidlyfixed,probablyasa resultof theapproximations
madeindeterminingtheextremitiesof thecamberline.

.
(See

referencel.) d
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PRXCISION

Theerrorstowhichthedataweresubjectcanbe classifiedas
accidentalend’systematic.Theaccidentalerrorsarosefrom
inaccuraciesinmodelinstallation,in calibrationsof airstreemand
balance,andinthereductionof thetestrecorde.Theaccidental
errorsemhated fromen inspectionof thetestdataareaafolldws:

cl ● ● ● , ● ● ● ● ● ● . . . . ** . . ● ● ● . ● . ● ● ● * ● ●LO.005
cd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . to .0005

c%/4 ”””””””””””””””” ““”*””””””””””OO’02
a,deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .._W.l

Thelargestsystematicerrortowhichthedataweresubjecterose
fromleakageof airthroughthe(3/64inch)gapsat the@ncturesof
airfoilsendtunnelwall. Thecorrectionswerefirstdeterminedby
testson anNACA0012airfoilwithvariousendgaps;thesecorrections
wereappliedtothedataofreference1. Teststodetermine‘thecop
rectionwereextendedforthepresentinvestigationto includenotonly
airfoilsofveriousthickness-chordratioebutalsoa largeengle+f-
attackrenge.Thetestsof theNACAl&eries airfoilscamberedfora
designliftcoefficientof 0.3andhavingthiclmess+hordratiosfio”rn
6 to21 percentweremade.w Theangle-of-attackrangecorrespondedto
therangepresentedhereinforthoseairfoils.

Investigationof theend-leakageeffectsshowedthatthecorrection. . to&ragcoefficientdependednotonlyonMachnumberendliftcoeffi-
cientbutalsoon thickness-chordratio.Theinvestigationfurther
indicatedthatcanibermighthaveeneffecton theangle-of-attack
correctionsincethetestson thecemberedairfoilsshowedonlya
shiftinangleof zerolift(seealsofig.10of reference2);whereas
thetestson a symmetricalairfoil(reference1) indica+=dthatthe “
correctionwasa functionof liftcoefficient.Themaximumdifference
betweenthetwocorrectionsdidnotexceed0.3°.

Thecorrectionsforendleekageasdeterminedby thetestson
NACA16+eriesairfoilswereconsideredtobe morereliablethanthose
usedinreference1 becauseof thegreaterrangeof thetest. The
correctionswereappliednotonlytothe12additionaleirfoilsbut
alsotothe12airfoilsreportedinreference1. Differencesin the
aerodynamiccharacteristicsforairfoilsinthispaperandin
reference1 areprimarilya resultof thechangeintheend-leakage.
corrections.

A comparisonof dragcoefficientsobtainedfromwakesurveysend
fromforce-testdatacorrectedforendle~~e-is”shownin figure1. —

At lowdesi~ liftcoefficientsthedifferencesareapproximatelyof
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thesamemagnitudeas theaccidentalerrors.At highdesignlift
coefficientsthedifferencesincreaseandtherebyindicatethatthe
appliedleakagecorrectionmightbe toosmallin thatlift-coefficient
range.Thewak~wwey dragcoefficients,however,donotincrease
asrapidlywithdesignliftcoefficientaswouldbe expected,
especiallyathighvaluesof c1 ●

i

Theremainingsystematicerrorsassociatedwiththesedataarise
fromwind-tunnelwallinterference.Thecorrectionforthiseffect
asdeterminedby themthod ofreference5 maybe subjectto errorat
supercriticalMachnuribers.Themthod,however,shouldgivean
estimateof themagnitudeof theerrorsinvolved.An estimateof
theerrorcanbe obtainedfromfigure2 whichshowsa comparison
betweenbasicaerodynamicdatafortheNACA16-3C)gairfoilcorrected
anduncorrectedfortunnel-walleffects.An examinationoffigure2
indicatesthatthecorrectionisgenerallysmalland,therefo~,has
notbeeneppliedtotheresultspresentedherein.A titherexami-
nationindicatesthatat thehighestMachnumbersthecorrection
appearstohavethegreatesteffectonMachnumber.Thus,inthe
applicationof thedataina designproblem,theapproximately
2-percentcorrectionforMachnumbercouldhavea largeeffect.

Thechokingphenomenonisenadditionaleffectof tunnelwalls
thatentersintotheproblemofwind-tunneltestingat highsubsonic
Machnumbers.At thechokjngMachnumberssonicvelocitiesextend
frommdel totunnelwall,andthestaticpressureislowerbehindthe
modelthan~ntheundisturbedregionupstreamof thenndel;thus,lsrge
gradfentsinstaticpressurecanbe produced.Theresultingflowpast
themdel isunlikeanyfree-aircondition,anddataobtainedat and.
nearchokingMch numbersem, therefore,of questionablevalue.Data
nearthechokingMachnumber.are,consequently,omittedfromthispaper
withtheexceptionofa fewconditionsshowninfigurej. Thearrows
at thezero-liftaxes(fig.3) showtheone-dimensionaltheoretical
chokingMachnumberatdesignconditionsforeachof theairfoilsand
indicatehowcloselythesebasicdataapproachthechokingspeed.The
dataat thehigheranglesof attackgenerallydonot-approachtheir
respectivecholdngMachnumberses closelyasdo thedatanew design
conditions.

RESULTS

ThevariationfnaerodymmiccharacteristicswithMachnumbers
at constantangles.ofattackforeachof theNACA&series airfoils
testedconstitutesthebasicdatafortheinvestigationandispresented
infigure3.
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Thedataof figure3werecross-plottedtoshowtheeffectsof? variationof th!ckness-ohordratioendcamberor designlift,coeffi-
cienton theaerodynamiccharacteristics.Thecross-plottedresults
exeshowninfigures4 to9.

d
Theeffectof cemheron thevariationoflift-dragratiowith

liftcoefficientforairfoilsof &percent,9-percent,12-percent,
andl>percentthicknessispresentedin figuxeslCJ1l,12,and13,
respectively.Theeffectof thicknesson lift-dregratioforcambered
airfoilhavinga designliftcoefficientof0.3Is presentedin
figure14.

Thetheoreticallyderivedmaximumnegativepressurecoefficients
(reference4)forNACA16+eriesairfoilsarepresentedinfigure+9.
Figure16pe@ts themaximumnegativepressurecoeffic!eqtsti.w.

.—-—

incompressibleor low-speedflow,to,betranscribedto critical”Mach
numbersin accordancewithvonKarman~sien~srelation(reference6).
A comp=isonbetx?eenthetheoreticallyderivedandtheexperinmtal.ly
determinedcriticalMachnumbersIS given in fip 17. ~e”~as~eg...
criticalMachnumbereat severalstationson anuntwistedpropeller
tipsrecomparedin figure18with the values est~ted from W&T
dimensionalflow.

A comparisonis&adein figure19 betweenthecriticalMach
numberandthehkchnumberforliftbreakandmxximumlift-eg ratio.. Theeffectsof thiclmessand.caiberon theMachnumbersforllftbre8.k
anddragrisearepresentedin figure20.

. A tabulationof theairfoilsInvestigatedandthefigurenumbers
containingthepertinenttestdataeregivenintableI.

DISOWSSION

Subcrftlcal

Lift.–TheNACA16+eriesairfoilsat thedesignangleof attack
of Ooa at lowMachnumbersdo notproduceexperhrmtalHft coeffi-
cientsof thesam valueas thedesignliftcoefficients.Thedif-
ferencecanbe attributedprimarilytoviscosityintherealflowand
itsmd.if@g effecton thetheoreticallypredictedinfluenceof the
csmberline,especiallyovertherearof the=del.

At lowMachnunibersendatan angleof attackof0°,figures4
to9 showedthatwe experimmtalliftcoefficientsdecreasedfrom
85 percentofthe designllftcoefficientforairfoilsof6-perceat
thlclmessto 38percentof thedesignliftcoefficientforairfoils
of 21-percentthickness.Thev=iatlonwiththiclmessforairfoils
between&percentand21-percentthicknesscanbe approximatedby
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c1 ~w

~ 1.3’5
the relatlon— =

c2. -()
(allvaluesInpercent).Camberedz

( J.
airfoils c~ = 0.1andO.~) hatinga thicknessof 30percentchord“i
(figs.7 and9)producednegatimliftcoefficientsat anangleof
attackofOO. Thesenegativeliftcoefficientswereabout--QOpercent
of thedesignliftcoefficient.

Thenegativeliftcoefficientsof the30-percent-thickairfolla
wereproducedas a resultof eitherseparationontheuppersurface
of theairfoilora greaterchordwiseextentof separationon theupper
surfacethenon thelowerendlesscumed surface.Theseparation
effectswereillustratedby anunpublishedinvestigationof theflow
pactthickairfoils.

Theliftcharacteristicsofmanyof theairfoils(figs.4 to9)
at anglesof attackbetween2° and& exhibiteda breakor regionof
reducedslopesoveran angularrangeof 20 to 30. At anglesof attack
beyondthisregionofreducedslow, theslopesincreasedbutgenerally
didnotreachthevaluesproducednearanangleof attackof OO.
Figures~ to9 illustratedthatthebreakbee- mwe pronouncedas
eitherthedesignlfftcoefficientor thethichness+hordratfowas
Increased.Thethickness-chordratio,however,hada greatereffect
thanca.niber.(Compsrefigs.4 to6 withfigs.7 to9.)

Theforwardmwemnt of thecenterof pressureandtherapid
increaseindrag,whichoccurredsimultaneouslywiththebreakinthe
liftcurve,indicatedthattransitionrovedrapidlyforwardor that
bmlnerseparationoccurred.Sincecompressibilityhasthesameeffect
on adversepressuregradientsas increasesInthfckness,this
assumptionisfurthersubstantiatedby theeffectof compressibility
on thebreaksinthecurvesinasmuchas increasesfn theMachnumberof
theflowgenerallytendedtoemphasizetheabruptnessof thechangein
aerodynamiccharacteristics.

Figure4 showsata Machnumberof 0.30thatthelif~urve slope
neardesignangleof attackgenerallyincreasedwithdesignlift
coefficientfor9-percent-thickairfoils.Forthickerairfoils,the
changeinlif~e slopewtthdeafgnllftcoefficientbecamevery
small.Increasingthethickness-chordratioofan airfoilofgiven
designliftcoefficient,however,resultedina decreaseinlift-
Curveslope.

~- T’hfn+irfo~ltheo~(S~ izedin
referenceb)hasshownthattheeffectof Increasingthecamberof
airfoilshavingapproximatelyuniformchordloading,suchas the
NACAl&eries, is toproducea large increaseInthenegativepitching-
mcmentcoefficient.Thetheoryhasalsoshownthattheeffectof angle

.
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of attackIs Independentof camberend,thereforeincreasingthe
L%

deei~ liftcoefficientwouldhaveno effecton
+ . Thedata “cl

in figures4 to 6 are In agreementwiththe,thi~rfofl theory.
lhcreasesin thickness+hordratio(especiallyabove12percent),
however,produceda forwardmovementof thecenterofpressureanda

positive-increasein h
&z

(figs.7 to 9). This effectof thickness

is probablya resultoft& adverseeffectofviscosityon theloading
nearthetrailingedgeof thethickerairfoils.Theeffectof co-
pressibilitywastoproducea largerearvemdmvermmtof thecenterof

pressurewithoutnoticeablyaffecting
+
% ●

C2

D-.- Thedragdatapresentedin theformofpolarsindicatethat
thechangeinminlmnmdragcoefficientwithdesignliftcoefficientis
smallat lowMachnumbersforthiclmess-chordratiosof9 percent
(fig.4). Thischangeincreaseswiththickness(figs.5 end6), but
at a sufficientl.yslowratethatforairfoilsof l~ercent thicknsss
at lowMachnumbersthemaximumlift4ragratioIncreaseswithde~lgn
lift. (Seealsofigs.10 to 13.) Increasesinkhchnumberabovea
vslueof approximately0.60causedthemxtmumU ftdmag ratiob
occurat progressivelylowerli,ftcoefficientsandatlowerdesignlift
coefficients(figs.10 to13). Thiseffectillustratedby fig-
ures10(c)to 10(f)andfiguresI.l(c)to ll~f),iaa resultofan
ticreaseininducedvelocitiesassociatedwithan Inoreaseindesign
liftandisthenormallyexpeotedeffeotofociwpresrnibility.

Themaxlmmlif~ag ratiofora givenairfoilat lowMach
numbers(figs.10 to 13) generallyoccurredat a liftcoefficient
approximate0.1to0.2greaterthenthedesignvalue.Ressure-
distributiondata(unpublished)hasshownat lowMachnumbersthat
theshapeof thepressuredistributionforanHACA16+212airfoilat
an engleofattackQf2° correspondedmorecloselyto thstheoretical
or designdistiibutfonthandidthedistributionobtatiedat OO.
Consequently,in thatspeedrangetheairfoilcouldbe expectedtobe
moreefficientatan engleof attackslightlygreaterthanthedesign
angleof attackof OO.

Thegeneraldecreaaein theliftdragratfowithincreaseqin
thiclmess+hordratioshown”infigure14resultsfromtheobserved
ende~eoted.Increasefn&ag coefficientexdsomedecreasein lift
coefficient.As theMachnumberincreased,theeffestof thfulmess
on lift-dragratiowasmagnifiedinaccordancew’lththeususleffects.
of compressibilityon theaerodynamiccharacteristics.
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Criticd Mch Number

ThecriticalKoh numberIs thatvalueof theMachnumberof the
undisturbedstreamatwhichsonicvelocitiessreattainedlocally
withintheflowfield.Experimentalinvestigationsin two-dimnsional
flowshaveshownthat the adverseeffectsof compressibility,suchas
thedropinliftcoefficient,rapidriseindragcoefficient,a@
abruptchangesinmonwntcoefficient,donotoccuruntilthecritical
Machnumberhasbeenreachedor exceeded.

TheMachnumberatwhichabruptchangesinaerodynamiccharac-
teristicsoccurin a two+ilmmsionalflowcwmnotatpresentbe reliably
predicted.Thereis,however,thegeneralizationthattheMachnumber
fortheforcebreakisequaltoor greaterthanthecritfcalMach
number.Thus,as a firststepinthehigh-speedapplicationof
airfoils,thecritiCallkchnumbersshouldbe known.

ThetheoreticalcriticalMachnuniberof a bodycanbe estimated
fromthemaximumtheoreticalnegatinpressurecoeffi.cient(flg.15
andreference4)byusingso= mthod of estimatingtheeffectof
compressibilityon thepressurecoefficient(fig.16). TIM rnsximm
negativepressurecoefficientmayalsobe obtainedfromthefollowing
empiricalequation(withinA2 percentfordesignliftcoefflcients
fromO to1 andthickness-chordratiosfrom6 to21percentchord):

-P =
( )(

0.01$2.33+ 0.01:+ C o.~ + o.oo~ + O.o?czl
‘mar 2$

)

h ordertoevaluatetheappllcabflityof thetheoretfcalcritical
Machnunibers,thetheoreticalvaluesobtsdnedfromfigures15end16
werecompsredfnfIgurelfla)withthecriticalMachn~er estimated
fromtotal-pressuremeasuremmtsnesrthesurfaceof theairfoils.A
furthercomparisonwasmadein figure17(b)betweentheoreticalcritical
Machnumbers(obtainedfromthe~thodsofreference4 andfig,16) and
the criticalMachnumbersdeterminedfrompressure+istribution
masuremmts. Theexperimentalliftcoefficientswereextrapolated
from M = 0.3 to M = O byGlauert*srelationgivenInreference7.
ThecomparisonspresentedillustratedthatforNACAI&seriesairfoils
thecrlticalMch numbersobtainedfromtheseveralspecifiedsources
wereInreasonablygood~eenwmt.

Theeffectsof thickness+hordratio(fig.17(c))enddesignllft
coeffi~ient(fig.17(d)) on thevariationsIncriticalMachnumber
withthel~peed (incompressible)liftcoefficientweresimilarto
andindependentof eachother. Increasesin eithervariableincreased
thesngle-of-attackor I.ift-coefficientrangeofhighcriticalMach
numbersbutwereaccompanied
thecrfticad.Machnumber.

by a reductionin themaximumvalueof

,
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InvestigationsIn three-dimmsionalflowshaveshowna del~ in the
onsetof theadverseeffectsf!romthosepredictedby two-dimensional
testsorby sectioncriticalI&ichnumbers.Theresultsof onethree-
dimensiondinvestigationarepresentedfnfigure18. Pressure-
distributtonnmasuzzementsweremadein,.theLangley24-inchhigh+peed‘
tunnelonanuntwistedpropellerbladehavingNACA16+eriesairfoil
eections.Theuntwistedpropeller%1.adecouldelsobe consideredto
representa semlspanof anuntwisted.taperedwinghavingenaspect
ratioof 6

“z”
Theresults,mmm.rizedinfigure18 foran angleof

attackofO , showedthatthecriticalMachnuniberfortheouter .—
stationswasdelayedapproximatelyO.~ beyondthevalueestf&ated
fromtwo+iimensionaldata.A d.ehayof approximately0.04wasobtained
as fsrInboerdas the~~percen%semispenstation.A moreextensive
investigationof thevariationof therelietingeffectswithaspect
ratio(unpublished)is ingeneralagreemmtwiththisresult.

.._.

Supercrltical ——._

Airpknehighspeedsarenowina rsngeforwhichpropellers
wouldbe forcedtooperateat supercriticalspeeds.ThecriticalMach
numberof an airfoilsectfonisnotan adequateindexof sectionper-
formanceat supercriticals~eds,andsinceno usablecriterionssre
yetavailabletodesignoptimmsectionsforsupercriticaloperatfon,
thesupercri.tics.l+peedperformanceof availableairfoilsectionsmust -
be investigatedexperimentally.Thedatapresentedinfigure3 for
airfoilsofvariousthickness+hordratiosandce@ersoffera good
opportunityforstudyingthesupercriticalcharacteristicsof
NACA16+eriesairfo%ls.Theadverseeffectsof compressibility,
whtchoccuron airfoilcharacteristicsat constantanglesof attack
as theMachnuniberis Increasedshovethecritical,areevidencedby
a steepincre~eindrag,suddendecreasein lift,endabmrptchange
inpitchingmoment(fig.3). Theseconditionshavepreviouslybeen
referredtoas shockstallingor compressibilitystallingandmore
recentlyhavebeencalledforcebreaks.ForthisCliscu&sion,thelift
%reekisdefinedas thepointatwh!.chtherataof chsngeof lift’
coefficientwithMachnumberisO or slightlynegatfve,whereasthe
dragriseisdeterminedas thepointatwhichtherateof chsmgeof
dragcdefficlentwithMachnuniberis0.1;bothconditionsare .
determinedforconstantanglesof attack.The&ag riseasdefined
is admittedlyquitearbitrarybecauseesrlyincreasesin tiag
resultingfromeffectsof compressibilityon theboundarylayerare
neglected.Theeffectissuchthatin SOM cases,particularlyat
moderatelyhighanglesof attack,thetotalincreaseIndragi.slsrge
beforea rateof chengeofdregcoefficient’withI&chnumberof0.1
1sattatned(fore?huple,seefig.3(d)’ata,= 7.770); snyother
definitionof thedragriqe,however,wouldbe equallyarbitrery.

Inordertoprovidea comp~isonbetweentheconditionsat the ,
criticalspeedandat theMachnuniberof theliftbreak,figure19

.-
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hasbeenprepared.It mm be seenthatat liftcoefficientsnearthe
deei.gncondt%lon,theMachnudberforliftbreak1Sonlyslight.1.y <
greaterthentheorlticalMachmuiber;withincreasingliftcoeffi-
cient,however,thelift-breakMachnumberexceed~thecriticalMach
numberby an increasingincremmt.TheMachnunibersof liftbreak *
enddragriseforthevariousNACA16+eri.esairfoils(presentedin -

.s

fig.20)decreasewithfncreaeein thickneeBfromappzmfimatel.y0.8
forthickness+hordratiosof6 percentto0.7forthickness-chord
ratiosOT 15percent.Forapplicationsinwhichveryhigh~ch
numberswillbe encountered,thethickness+hordratiosshouldbe
confinedtithelowervalues(thatis,9 percentendless)toassure
highforce-breakMachnumbers.Inadditfonto theeffectof thickness,
figure20alsoshowsthatan increasein camberof thethinnerairfoil
sectionsgenerallydecreasestheforce-breakMachnumbers,A mre
significanteffectof camber,however,isthefactthatfornmderate
liftcoefficients,themaximmforce-breakMachnumberisobtained
withanairfoilhavinga designcamberthatis lessthanthevalue
correspondingto theoperatingliftcoefficient.ThsItrendtoward
decreaseintheoptimumcemberwasexpectedat speedsnearthelift
breekfortheseairfoils,sinceotherdata(reference8) have@di-
catedthattheaerodynamiccharacteristicsof camberedsectionsare
generallyinferiortothoseof symmetricalsectionsat veryhigh
supercriticalMachnumbers.A relatedinferiorityofthecambered
airfoilsistheirchangeintheangleof zeroliftthatoccursat
highMachnumbers.Thechangeis a functionof theairfoilcamber
or designliftcoefficient.As a result,theadversechangesin
angleof attackrequiredtomaintaina fixedliftcoefficientdecreased
as thedesigncaiberwasreduced.

Figure19 showsthatthemeximum lift-dragratiosobtainableat
thelift-breakconditionsgenerallyoccurat sectionliftcoefficients
asmuchas0.3greaterthanthedesignliftcoefficient.Inorderto
obtainhighvaluesof lift-dragrati~at thehighestpossibleMach
number,it thereforeappearsthatairfoilscamberedforliftcoeffi-
cientslessthanthedesiredoperatingliftcoefficient(thushaving
a higherlift-breakI&ohnumber)wouldbe preferable.Forthethinner
airfoilsinfigures10 andI.l,thehighercamberedairfoils Cz % O.~

( i )
areshowntobe advantageousatMachnumberslessthan0.7. At the
highestMaohnumberspresented(thatis,nearthe iftbreak),however,
theairfoilshavingonlyslightcamber CziS 0.1

( )
areshowntohave

thehighestefficiencies.Theseairfoilsof slightcamberarealso
showntomintalnthebestefficiencyovera largeoperatinglift-

(coefficientrange cz . 0 to0.5~ whichextendstovaluesmuch
higherthanthedesignliftcoefficient.Figures10 endXLalso
indicatethat,athigherMachnumbersthanthosepresented,the
optimumdesignliftcoefficientmaybe lessth& 0.1.
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Theresfi-tsof theinvestigationof24NACA~6-seriesairfoils
relatedincemberendthlclmessovera Machnum..errangefran0.3to
approximately0.8indicatethefollowingconclusions,thevalidityof
whichisnotaffectedby neglectingtunnel-walleffects:

1.Forcambered.NACAl=seriesairfoflsatlowMachnumbersM -—

endat anangleof attackof 0°,theratioof theliftcoefficient
producedCz to thedesignliftcoefficientCZ

i
wasgenerallyless

thanunityandvariedwithairfoilthiclmess-chord.ratfo t/c as
c1 t 1.35

follows(allvaluesmeasuredinpercent):—=loo-
C2* ()

.z
L

2.ThetheoreticalmethodofestimatingthecriticalMachnuniber
providedvalueswhichwereinreasonablygoodagreemntwith
experiment.In thelif~oeffi.cientrangeforhighcriticalMach
numbers,theMachnumberforliftbreakwasonlyslightlygreater
thanthecriticalMachnuniber.Withincreasingliftcoefficients,
however,thelift-breakMachnuriberexceededthecriticalMachnuniber
by an increasingincrement.

3. ThedesigncaderresultingInbestllf~ag ratiofora
givenliftcoefficientdecreasedabruptlyas theforce-breakMach
numberwasapproachedendexceeded.Forex~ple,the6-percent-thick
airfoilwhencsniberedfora designliftcoefficientof 0.1prodused
thebestlif~ag ratiosat a ~ch nuniberof0.80endatalloperating
liftcoefficientsforwhicha comparisonwaspossible

(
c~ = o to0.5).

4.Thead-versechengesin angleof attackrequiredto~intaina
ffxedliftcoefficientdecreasedasthedesigncamberwasreduced.

LangleyAeronautical.Laboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,December19, 1947
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TABLE11

TKICEMESSDISIE/~UTIOl?MD MEAHZ CEARAC!FERISTICSFOR

NACA~IES JURFOIIS

[ 1Allvaluesinperoentchord

Mean-1inecharacteristics

NACAlx
for Czi= l.Ob

station
ordinatea

Ordinate Slope

o 0
1

0
.6 .676

0.62234
●295 .40665

1.25 ●969 ●535 .34771
2●5 1.35k .930 .29155
5 ‘ 1.882 1.580 .23b32
7*5 2.274 2.lm .19993
10 , 2.593 2.587 .174%
15 3.101 3.364 .13804
20 3.498 3.982 .11032
25 3.82.2 4.475 .08743

4.063 4.862 .06743
$ 4.391 5.3% .03227

4.500
z’

5.516 0
4.376 5.3% -.03227

P 3.952. 4.861 -.06743
3.149 3.982 -.11032

E 1.888 29%7 -.17486
95 1.061 1.580 -.23432
100 .090 0 -.62234

2.
L.E.radfus=

()
0.3966 :X:

SlopeofL.E.radiusthroughendof chord. 0.4212cZi I

~

~alueamasuredfromendperpendiculartameanline;for
other thif sses@tiply WMl_90fimtes

r
by @X~.

?Forotherdesignliftcoefficientsmultlplymean-line
characteristicsby desiredvalueof’ Cz .

i -

x

.

.

.

.
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